We have investigated the signaling pathways underlying muscarinic receptor- oscillations was insensitive to inhibition by Gd 3+ , but was completely blocked by 100 µM 2-APB. These findings indicate that the signaling pathway responsible for the Ca 2+ entry driving [Ca 2+ ] i oscillations in HEK293 cells is more complex than originally thought, and may involve neither capacitative calcium entry nor a role for PLA 2 and arachidonic acid.
(1). IP 3 as a second messenger produces a biphasic Ca 2+ signal, comprised of an initial Ca 2+ release from endoplasmic reticulum (ER), followed by a sustained Ca 2+ plateau due to Ca 2+ entry across the plasma membrane. This Ca 2+ entry usually results from the depletion of intracellular Ca 2+ stores and in such instances is termed "capacitative Ca 2+ entry" (2, 3) . This mode of entry presumably involves store-operated Ca 2+ channels (SOCs) in the plasma membrane. Although capacitative calcium entry has been documented in many different cell types, the signal by which store emptying activates SOCs remains uncertain (4, 5) . (1, 6, 7) . The characteristics of [Ca 2+ ] i oscillations vary widely among different cell types, and a single mechanism may be insufficient to account for the variety of observed responses (1, (7) (8) (9) . Formation of IP 3 and cyclical release of Ca 2+ from IP 3 -sensitive stores may underlie the generation of oscillations induced by agonists (1, 10) . However, a Ca 2+ induced Ca 2+ release (CICR) pathway has been suggested in initiating oscillations by caffeine or other agents unrelated to IP 3 generation (9, 11) . Ca 2+ influx from the external milieu is currently thought to be activated in such situations, and appears to be needed to sustain [Ca 2+ ] i oscillations (1, 7) . However the mechanism whereby Ca 2+ entry is triggered during [Ca 2+ ] i oscillations is not altogether clear. Some models suggest that capacitative calcium entry provides Ca 2+ entry during oscillations (7, 12) . More recently a novel, non-capacitative mechanism has been proposed that involves agonist-activated generation of arachidonic acid and arachidonic acid-induced Ca 2+ entry (13) (14) (15) .
Arachidonic acid is present in cell membranes esterified in phospholipids and can be released by phospholipase A 2 (PLA 2 ) in response to various extracellular stimuli (16, 17) .
Arachidonic acid can also be generated from diacylglycerol, a product of PLC or phospholipase D activation, by action of diglyceride lipase (16) . In recent years, an increasing number of reports have suggested that arachidonic acid directly modulates cellular responses, including Ca 2+ signal transduction. As for IP 3 , Ca 2+ release from ER and Ca 2+ influx from the extracellular space induced by arachidonic acid have been demonstrated Luo et al, Page 4 in a number of cell types (18) (19) (20) (21) (22) (23) 
Materials and Methods
Cell Culture: Human embryonic kidney 293 (HEK293) cells obtained from ATCC were grown at 37° C in Dulbecco's Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum and 2 mM glutamine in a humidified 95% air, 5% CO 2 incubator. For Ca 2+ measurements, cells were cultured to about 70% confluence, passaged onto glass coverslips and used 24-48 h after plating.
Fluorescence measurements: Fluorescence measurements were made with Fura2-loaded single or groups of HEK293 cells as described previously (24) . In brief, coverslips with adjusted by NaOH). Ca 2+ -free solutions contained no added CaCl 2 in the HPSS.
In preliminary experiments, we observed that [Ca 2+ ] i oscillations were not reproducibly observed in cells loaded with 1 µM Fura2/AM, presumably due to excessive cytoplasmic Ca 2+ buffering. Thus, for these experiments we used 100 nM Fura2/AM for loading and 1.5 mM extracellular CaCl 2 as previously described (25) . Materials: Arachidonic acid and 5,8,11,14-eicosatetraynoic acid were obtained from BioMol (PA, USA). Carbachol, thapsigargin and 1,2-bis(2-aminophenoxy) ethane-N,N,N',N'-tetraacetic acid (BAPTA) were purchased from Calbiochem (CA, USA). 2-aminoethyoxydiphenyl borane (2-APB) was synthesized as previously described (27) .
Statistics: For some experiments, average peak responses (F340/F380) were calculated and expressed as mean ± S.E.M. for the indicated number (n) of experiments.
Statistical significance was determined with the Student's t test (P <0.05). (Fig. 1C) . These robust spikes could last up to 1 h, but the frequency progressively slowed with time. Because all cells did not oscillate, and because the frequency varied somewhat among the cells which did oscillate, we adopted the protocol shown in Fig. 1C whereby a cell was stimulated for about 20 min, the carbachol removed by 3 changes of incubation medium, and then, after an additional period of about 25 minutes (data acquisition was halted during this period), the same cell was again stimulated with 5 µM carbachol for an additional 20 min, generally under an altered experimental condition. As shown in Fig. 1C , in normal HPSS, the second stimulation always resulted in an oscillatory response that was similar to, although somewhat slower than the first.
Results

[Ca
This protocol was utilized for the experiment illustrated in Fig. 1D . In this experiment, 5 min before, and during the second exposure to carbachol, the cell was bathed 
Effects of Gd 3+ on [Ca 2+ ] i responses to thapsigargin and carbachol in HEK293
cells: Gd 3+ is a potent inhibitor of agonist-activated calcium entry (29) , and has been shown to discriminate between capacitative and non-capacitative calcium entry (22) . In experiments utilizing the same protocol as in Fig. 1B , The effects of Gd 3+ on Ca 2+ entry due to the SERCA inhibitor, thapsigargin, were determined. Thapsigargin depletes Ca 2+ stores passively by virtue of its ability to inhibit the SERCA pumps on the endoplasmic reticulum and the ensuing entry of Ca 2+ is therefore assumed to be the very definition of capacitative calcium entry (3, 30) . As shown in Fig. 2A , Gd 3+ inhibited Ca 2+ entry induced by the thapsigargin in a concentration-dependent manner, and with no significant effect on the Ca 2+ release phase ( Fig. 2A and results not shown). Gd 3+ had no significant effect on basal [Ca 2+ ] i (data not shown). The sensitivity of thapsigargin-induced capacitative calcium entry to inhibition by Gd 3+ is similar to that reported by Broad et al. (22) .
Similar experiments were carried out utilizing a maximal concentration of carbachol, and such an experiment is shown in Fig 3A. Ca 2+ entry due to maximal muscarinic receptor activation appeared similarly sensitive to inhibition by Gd 3+ , leading to the conclusion that the entry is largely or entirely capacitative.
However, significantly different results were obtained when cells were stimulated to oscillate with the lower, 5 µM concentration of carbachol. As Fig. 3 illustrates, concentrations of 1, 10, 30, 100, or 500 µM Gd 3+ produced little or no effect on the [Ca 2+ ] i oscillations; only at the highest concentrations tested, 100 and 500 µM Gd 3+ , was there even partial suppression of the oscillatory frequency. The failure of even these very high concentrations of Gd 3+ to block the oscillations was surprising. However, it is known that another lanthanide, La 3+ , can inhibit active membrane extrusion of Ca 2+ at higher concentrations (31) . We determined whether Gd 3+ might have a similar action by examining The pattern of [Ca 2+ ] i signaling induced by arachidonic acid is reminiscent of that due to thapsigargin; a release of stored Ca 2+ followed by activation of Ca 2+ entry across the plasma membrane. Thus, we next examined the effects of Gd 3+ on arachidonic acidinduced signaling, since this lanthanide appears to have relatively selective effects on store-operated or capacitative calcium entry. At a concentration of 1 µM, which completely blocked Ca 2+ entry due to carbachol and thapsigargin, Gd 3+ had no significant effect on Ca 2+ entry in response to 30 µM arachidonic acid ( Fig. 5B and C) . At concentrations of 3 and 10 µM, Gd 3+ inhibited Ca 2+ influx induced by 30 µM arachidonic acid with complete blockade at 10 µM. Surprisingly, 10 µM Gd 3+ also caused a complete abolishment of arachidonic acid-induced Ca 2+ release (Fig. 5B, C) . After complete inhibition with 10 µM Gd 3+ of Ca 2+ release due to 30 µM arachidonic acid in nominally Ca 2+ -free medium, a normal release of [Ca 2+ ] i could be evoked on addition of 1 µM thapsigargin or 100 µM carbachol (not shown). These results indicate that arachidonic acid induces both Ca 2 + release and Ca 2+ entry in HEK293 cells, and both of these responses are sensitive to inhibition by Gd 3+ ; however, this pathway is at least 10-fold less sensitive to Gd 3+ than capacitative calcium entry.
Effects of 2-APB on [Ca 2+ ] i responses induced by carbachol, thapsigargin and
arachidonic acid. Recent studies have indicated that capacitative calcium entry involves interactions between IP 3 receptors and the plasma membrane (35) . One piece of evidence for this idea is the sensitivity of capacitative calcium entry to inhibition by 2-APB (36), a membrane-permeant inhibitor of the IP 3 receptor (27) . We next examined the actions of this reagent as a potential inhibitor of Ca 2+ entry responses to agonists, to thapsigargin, and to arachidonic acid.
In unstimulated cells, and in the absence of extracellular Ca 2+ , 2-APB at 100 µM slightly augmented the baseline fluorescence ratio in about 80% of HEK293 cells tested (n=48). The increment in the baseline was 8.6 ± 3.2 % of that of Ca 2+ release by 1 µM thapsigargin in nominally Ca 2+ -free medium (n=9). A weak inhibitory effect on Ca 2+ ATPase in the ER has been suggested to account for the rise of [Ca 2+ ] i by high concentrations of 2-APB (27) .
Utilizing a similar protocol as for the Gd 3+ experiments, 2-APB produced a concentration-dependent inhibition of Ca 2+ influx induced by 100 µM carbachol (Fig. 6 , Top) or 1 µM thapsigargin (Fig. 6, Bottom) when Ca 2+ was restored to the bath. Like Gd 3+ , 2-APB altered the Ca 2+ entry phase with almost the same potency among the two agonists, with 30 µM 2-APB producing essentially complete block of Ca 2+ entry for both modes of activation. However, 30 µM 2-APB attenuated the Ca 2+ release peak induced by 100 µM carbachol only weakly, and this inhibition was still incomplete with 100 µM 2-APB (Fig. 6) . With 100 µM 2-APB, an approximate 20% reduction of Ca 2+ release due to 1 µM thapsigargin could also be seen (Fig. 6) , which may be due to the inhibition of Ca 2+ ATPase in the endoplasmic reticulum and a partial reduction of the size of the pool sensitive to thapsigargin.
2-APB at 100 µM, a concentration which caused complete inhibition of capacitative calcium entry, did not alter Ca 2+ entry due to 30 µM arachidonic acid (Fig. 7) .
As for thapsigargin, 100 µM 2-APB caused a slight reduction of [Ca 2+ ] i release in response to 30 µM arachidonic acid ( Fig. 7 and results not shown) .
These data, including the data obtained with Gd 3+ , provide evidence that the mechanisms by which arachidonic acid activates Ca 2+ release and Ca 2+ influx are However, we considered the possibility that this concentration of carbachol might induce a small influx of Ca 2+ that is only detectable when amplified through calcium-induced calcium release, and this might depend on functional IP 3 receptors. Therefore, to assess more directly the actions of 2-APB on Ca 2+ entry during [Ca 2+ ] i oscillations, we utilized Mn 2+ quench measurements. Mn 2+ enters cells through divalent cation channels, but quenches Fura2 fluorescence at all wavelengths (37) . Thus, the activity of Ca 2+ influx channels is reported by the rate of Mn 2+ quench of Fura2. In the presence of 0.1 mM Mn 2+ , in nominally Ca 2+ -free medium, a resting rate of Mn 2+ quench was seen in unstimulated cells, and this was blocked when the cells were pretreated with 100 µM 2-APB (Fig. 9A) . 5 µM carbachol increased Mn 2+ quench, and again the rate of quench in the presence of carbachol was completely blocked by 100 µM 2-APB (Fig. 9B) . Because 2-APB essentially completely blocked even basal Mn 2+ quench, we repeated the experiments with 2 mM Mn 2+ . Under these conditions, a basal rate of Mn 2+ quench was seen in the presence of 100 µM 2-APB, but this was not further increased by 5 µM carbachol (Fig. 10) ; however, addition of 5 µM arachidonic acid induced a substantial increase in quench (Fig. 10A ). These results demonstrate that 2-APB attenuated both the resting Mn 2+ entry and divalent cation influx stimulated by 5 µM carbachol, but not that of exogenous arachidonic acid.
These findings indicate that the signaling mechanism underlying non-capacitative calcium entry and [Ca 2+ ] i oscillations may involve signals other than, or in addition to arachidonic acid. There is previous pharmacological evidence for a role for PLA 2 ; for example, the oscillations are inhibited by the PLA 2 inhibitor, isotetrandrine (28) . Data shown in Fig. 11A and B essentially replicates the previous findings of Shuttleworth and Thompson (28) , showing that isotetrandrine can block [Ca 2+ ] i oscillations, and the addition of a low concentration of arachidonic acid can partially restore the response (in 7 of 14 cells tested). We found that 10 µM isotetrandrine completely blocked the oscillations in 12 of 21 cells tested, while 20 µM blocked completely in 3 of 5. However, like its close cousin, tetrandrine (38) , isotetrandrine can also function as a calcium channel blocker. We thus tested the effects of isotetrandrine on the entry of Ca 2+ directly activated by arachidonic acid. As illustrated in Fig. 12A , 10 µM isotetrandrine consistently inhibited the Ca 2+ entry in response to arachidonic acid (3 of 3 with 10 µM isotetrandrine; 3 of 4 with 20 µM isotetrandrine). The inhibition is apparently not due to action as a non-specific channel blocker, or to membrane depolarization, because isotetrandrine caused only slight inhibition of entry in response to thapsigargin (Fig. 12B) . These findings call into question the validity of isotetrandrine as a specific tool to demonstrate PLA 2 involvement. In addition, as discussed below, they may indicate that the effects and pharmacological sensitivity of exogenously added arachidonic acid do not faithfully reflect the behavior of arachidonic acid generated endogenously as a component of a physiological signaling cascade. Further, the relative insensitivity of the thapsigargin-induced entry to isotetrandrine further supports the view that the entry driving the [Ca 2+ ] i oscillations is not capacitative.
Discussion
In the present study, we initially established that Gd 3+ and 2-APB appear to be relatively specific and potent inhibitors of capacitative calcium entry. Results shown here indicate that Ca 2+ entry due to two different store depleting agents, thapsigargin, and carbachol, are sensitive to the inhibitory effects of Gd 3+ and 2-APB in HEK293 cells.
Gd 3+ from 30 nM to 1 µM and 2-APB from 10 to 100 µM in a concentration-dependent manner inhibited this Ca 2+ entry with similar potency for the two agonists (Fig. 6 and data not shown), indicating a similar mechanism for blocking Ca 2+ entry, i.e. capacitative calcium entry activated by store depletion in HEK293 cells. At concentrations of 1 µM Gd 3+ and 100 µM 2-APB, respectively, a complete abolishment of Ca 2+ influx due to carbachol and thapsigargin was observed, consistent with previous reports in which a complete blockade of capacitative calcium entry induced by different store depleting drugs could be obtained with 1 µM Gd 3+ in rat A7r5 cells (22) , and with 100 µM 2-APB in DDT1-MF2 cells, A7r5 cells and HEK293 cells (36) . These results clearly demonstrate that Gd 3+ and 2-APB are both potent inhibitors of capacitative calcium entry. 2-APB has also been shown to modulate IP 3 receptors (27), leading Ma et al. (36) to conclude that the IP 3 receptor is somehow involved in the activation of capacitative calcium entry.
Arachidonic acid, an unsaturated fatty acid produced by the action of PLA 2 or diacylglycerol lipase on membrane lipids, is mobilized in a variety of cell types by the actions of neurotransmitters and hormones. Arachidonic acid also induces Ca 2+ fluxes (39-41) as well as a variety of Ca 2+ -dependent effects in cells, and thus has been suggested as a second messenger modulating Ca 2+ signal transduction (13, 16, 17, 33) . However, the mechanisms underlying Ca 2+ signaling modulation due to arachidonic acid remain unclear. In order to better define the mechanisms of calcium signaling in response to arachidonic acid, we examined the effects of the two inhibitors of capacitative calcium entry, Gd 3+ and 2-APB, on arachidonic acid mediated Ca 2+ signaling. Arachidonic acid at concentrations at or above 30 µM released Ca 2+ from intracellular Ca 2+ stores and induced Ca 2+ entry (Fig.   5 ), consistent with findings in other cell lines (18, 19, 41) . Interestingly, we found that 10 µM Gd 3+ completely blocked Ca 2+ release in response to arachidonic acid (Fig 5C, D) , but did not affect release due to thapsigargin or carbachol (Fig. 6) . The mechanism for this effect is not known. Direct interaction of Gd 3+ with arachidonic acid seems unlikely since the concentration of Gd 3+ (10 µM) is less than that of arachidonic acid (30 µM). Ca 2+ entry induced by arachidonic acid is also attenuated by Gd 3+ , but only in concentrations in excess of 1 µM. As for the inhibition of Ca 2+ release due to arachidonic acid, 10 µM Gd 3+ was required to produce complete blockade of Ca 2+ entry (Fig. 5C, D) .
A similar result was reported for A7r5 cells (22) . The mechanism by which Gd 3+ inhibits both Ca 2+ release and influx is not know, nor is it clear as to whether these two effects are even related. The significant point for the current study, however, is that 1 µM Gd 3+ , which is more than sufficient for complete inhibition of capacitative calcium entry, is without effect when arachidonic is used as an activator of Ca 2+ mobilization.
In addition to Gd 3+ , 2-APB is emerging as a relatively specific inhibitor of capacitative calcium entry. Ma et al. (36) demonstrated that 2-APB blocked capacitative calcium entry in HEK293 cells, as well as the entry ascribed to the transfected Trp3 channel. In the latter case, previous work had shown that transfected Trp3 can be activated either through an interaction with subplasmalemmal IP 3 receptors (35), or more directly by diacylglycerol (42). 2-APB blocked Trp3 channels when activated by phospholipase C-linked agonists, but not when activated by diacylglycerol. This finding led Ma et al. (36) to conclude that 2-APB was not acting as a channel blocking drug, and that its mechanism of action in the case of Trp3 channels, and probably also in the case of capacitative calcium entry, involved inhibition of IP 3 receptors. These results have been considered strong evidence for the conformational coupling model (4,43) for activation of capacitative calcium entry because this model invokes an obligatory role for the IP 3 receptor interacting with plasma membrane capacitative calcium entry channels (44) . Clearly, 2-APB is one of the more specific inhibitors of capacitative calcium entry. It completely blocks capacitative calcium entry in concentrations that are without effect on voltage-operated calcium channels ( (27) and Luo, Broad, Bird and Putney, unpublished observations) and in the current study, we have found that it does not block channels activated by arachidonic acid (Fig. 7 and 10 ). To our knowledge no other organic antagonist of capacitative calcium entry channels shows this degree of specificity (see also (45) ). The drug has only one other known site of action, the IP 3 receptor, and it is reasonable for the present to accept the interpretation of Ma et al. (36) that this action underlies its actions on calcium entry. However, we note, as was somewhat evident in the work of Ma et al., that Ca 2+ entry appears to be more sensitive to inhibition by 2-APB than the intracellular, IP 3 -mediated release of Ca 2+ (Fig. 6 ). Thus, it is possible that 2-APB may also have direct, albeit highly specific, actions on capacitative calcium entry channels, although this distinction is not critical to arguments based on its effects in this study.
Finally, with this background of clear and relatively specific actions of Gd 3+ and 2-APB, we have utilized these reagents to evaluate the role of the capacitative calcium entry pathway in the complex Ca 2+ signaling response giving rise to [Ca 2+ ] i oscillations in HEK293 cells (28) . In our study of wild type HEK293 cells, repetitive [Ca 2+ ] i spikes could be induced by a relatively low concentration of carbachol and the generation of this signaling pattern is dependent on extracellular Ca 2+ (Fig. 1D) . Although previous models have implicated a role for capacitative calcium entry in the maintenance of [Ca 2+ ] i oscillations (7, 12) , this view has been recently questioned by Shuttleworth (13) . In the current study, the insensitivity of [Ca 2+ ] i oscillations to Gd 3+ provides clear pharmacological evidence that the entry pathway activated by low concentrations of carbachol is distinct from the capacitative pathway seen with higher concentrations of carbachol or with store depletion by the SERCA inhibitor, thapsigargin. There is considerable evidence that arachidonic acid can serve as an activator of a non-capacitative pathway in HEK293 cells (46) . Consistent with this idea, arachidonic acid-induced entry of Ca 2+ was relatively insensitive to inhibition by Gd 3+ , curiously, despite the ability of arachidonic acid to deplete intracellular Ca 2+ stores 1 . However, the association between arachidonic acid-induced entry and the entry associated with oscillations is lost when the effects of 2-APB are examined. 2-APB was capable of completely inhibiting both the [Ca 2+ ] i oscillations and increased Mn 2+ quench due to 5 µM carbachol, but was without effect on arachidonic acid-induced entry of either Ca 2+ or Mn 2+ .
With the evidence presently available, we cannot definitively determine the mechanisms of Ca 2+ signaling that underlie [Ca 2+ ] i oscillations in HEK293 cells. We suggest three possible alternatives that may be testable in the future by continued experimental work:
(i) The simplest explanation for our data is that the entry associated with [Ca 2+ ] i oscillations is non-capacitative in nature, but involves some mode of activation other than arachidonic acid. At least some of the previous evidence for PLA 2 involvement (28), based on inhibitory effects of the PLA 2 inhibitor, isotetrandrine, is open to question (Fig. 12) .
Furthermore, regardless of the precise mechanism of action of 2-APB, its ability to distinguish clearly between arachidonic acid-induced entry and the Ca 2+ entry associated with [Ca 2+ ] i oscillations suggests that the arachidonic acid pathway is not involved.
(ii) These arguments notwithstanding, it is still possible, given other points of evidence that suggest an involvement of PLA 2 and arachidonic acid, that PLA 2 is involved in the oscillations. However, exogenously added arachidonic acid may act through a different mechanism than arachidonic acid generated by PLA 2 in the cell, perhaps in the vicinity of Ca 2+ channels.
(iii) Finally, we consider that it still possible that the Ca 2+ entry underlying oscillations is a store-operated entry, albeit involving different store-operated channels than those seen with maximal store depletion. While only Gd 3+ -sensitive entry was observed in HEK293 cells following maximal depletion of Ca 2+ stores, Gd 3+ -insensitive store-operated channels have been observed in other experimental systems (29) . In the absence of extracellular Ca 2+ , at least one [Ca 2+ ] i spike is always observed with 5 µM carbachol, suggesting that intracellular release is triggered independently of, and likely prior to entry. Also, the [Ca 2+ ] i oscillations and Mn 2+ entry due to 5 µM carbachol are both blocked by 2-APB, a drug with documented specificity for capacitative calcium channels. Thus, it is possible that with minimal and short-lived Ca 2+ discharge, a different population of capacitative calcium entry channels are activated with pharmacological distinctions and as well as pharmacological similarities to the channels activated upon maximal store depletion.
The conclusion from this study is that the interplay among various Ca 2+ signaling Clearly additional work will be needed to understand the varied patterns and mechanisms that control the biologically important phenomenon known as [Ca 2+ ] i oscillations. 
